Image-guided surgery has been widely applied for neurosurgical, 1,3,24 otolaryngological, 11,14 and other procedures. 8, 28 This modality provides highly accurate real-time information to the surgeon regarding localization, trajectory, and depth of instrument end, and frequently enables less-invasive approaches to lesions of the brain, skull base, and spine.
This modality provides highly accurate real-time information to the surgeon regarding localization, trajectory, and depth of instrument end, and frequently enables less-invasive approaches to lesions of the brain, skull base, and spine.
Endoscopy has been applied to various neurosurgical procedures, including the resection of intraventricular, 25, 30 sellar and parasellar, 15, 18 intraspinal and paraspinal, 4, 10 extraaxial intracranial, 2 and vascular lesions. 7, 23 Pituitary tumors and other lesions of the anterior skull base and clivus are particularly well suited to transsphenoidal endoscopic surgery because of the ease of access through the nostril, the working space provided by the sphenoid sinus, and fields of view that are potentially wider and nonlinear compared with those offered by direct microscopy. 1 Nevertheless, transsphenoidal endoscopy sacrifices the stereoscopic view provided by direct microscopy, and orientation (especially midline) may be more difficult without exposure of anatomical landmarks. For these reasons, many surgeons prefer a transnasal, extramucosal approach in which direct microscopy is used, 27 because the morbidity related to this approach is comparable to that of endoscopy.
Computer-generated virtual reality representations can be combined with real-world views to produce "augmented reality." 22 Currently, augmented reality applications in medicine are being developed for neurosurgery, 17 otolaryngology, 11 orthopedic surgery, 8 maxillofacial surgery, and general surgery. 6, 29 To address the relative loss of stereoscopic depth perception and orientation related to endoscopy, we combined IGS with rigid endoscopy to treat various intracranial and sellar lesions. We hypothesized that accurate localization of the endoscope's tip and trajectory would facilitate orientation and enable less-invasive approaches. In addition, coregistration of a computer-rendered 3D virtual representation of the endoscope's field of view would potentially augment depth perception and display healthy and diseased structures that are not directly visible to the endoscope.
CLINICAL MATERIAL AND METHODS

Endoscopy Equipment
A 5-mm rigid endoscope (DCI; Storz and Co., Tuttlingen, Germany) was used for all procedures. This endoscope has a digital video output; an automatic rotational orientation feature was disabled to accommodate the coregistration of rendered IGS views. Endoscope angles of 0˚, 30˚, and 70˚ were used interchangeably. For lesions of the sella and the parasellar region, a transnasal, transsphenoidal approach was used as previously described. 27 The osteotomy at the anterior sphenoid bone was enlarged to accommodate Image-guided endoscopy: description of technique and potential applications direct microscopy for verification of anatomical localization. For intracranial lesions (temporal cavernomas and aneurysms), an entry point on the skull was identified using "virtual endoscopy" to visualize the intracranial lesion and choose a trajectory that avoided any intervening vascular structures (see later for more detail). A 3-cm craniotomy was then made at the entry point, and endoscopy was performed as just described during the approach to the lesion.
Image-Guided Surgery
The CBYON IGS system was used in all cases. Patients underwent placement of between six and eight skin fiducial markers before preoperative MR images were obtained; various MR imaging protocols were used depending on the characteristics of the lesion and the pertinent adjacent anatomy. The patient's head was rigidly fixed and fiducials were registered using standard techniques; registration accuracy was confirmed by identification of skin fiducials and other surface landmarks. The IGS screen was formatted to provide five windows: axial, coronal, and sagittal MR images demonstrating the location and trajectory of the endoscope's tip; endoscope video output; and a 3D rendered image of the virtual endoscopic view. Thresholding techniques were used to highlight the lesion and adjacent healthy structures (arteries and nerves), which were color-coded for representation in the 3D view (Fig. 1) . The relative opacity of skin, skull, and brain was adjusted to enable transparency and visualization of highlighted structures.
Virtual endoscopy was performed at the start of the procedure by using the standard IGS pointer, which indicates a rendered 3D view along the trajectory of the pointer-facilitated choice of entry point. The endoscope was fitted with a four-sphere reflective localizer at the camera mounting. The endoscopic image was then coregistered to the virtual image by using a handheld circle grid (Fig. 2A) ; rotational and in-out movements of the endoscope in the grid confirmed the accuracy of the coregistration (Fig. 2B ). Coregistration to the grid was repeated with each change of the endoscope lens.
Patient Population
Fourteen patients were included in this study, which was conducted between July 2001 and September 2003. Patients were selected according to the suitability of the lesion for endoscopy and IGS. Nine pituitary tumors, one right temporal cavernous malformation, three pericallosal artery aneurysms, and one middle cerebral artery aneurysm were treated.
Confirmation of IGE Accuracy
In all cases, once the lesion was identified using IGE, an operating microscope was used to confirm the accuracy of surface landmarks identified with IGE. For the pericallosal aneurysms, microscopy was combined with endoscopy during the aneurysm clip occlusion procedure.
RESULTS
No complications occurred that were attributable to IGE or otherwise. The initial registration of the IGS system and coregistration of the endoscope added approximately 15 minutes to the length of the operation; an additional 15 to 30 minutes was spent before surgery for image transfer and processing. Complete (gross-total) resections were obtained for seven of nine pituitary tumors. Complete resection of the temporal cavernous malformation and clip occlusion of the aneurysms were confirmed on postoperative MR imaging and intraoperative angiography, respectively.
Excellent accuracy was obtained for IGE views. The position of the endoscope's tip corresponded to surface landmark anatomy with a level of accuracy comparable to standard IGS pointing devices. Similarly, there was an excellent concordance between direct endoscopic views and rendered virtual images, as assessed by surface landmark topography and lesion margins; the accuracy of representation for nonvisualized structures (carotid artery, optic nerves) could not be assessed. Although the time required for final endoscope positioning was not compared with non-IGE approaches, it was the surgeon's impression that IGE significantly reduced the amount of time needed for endoscope placement, facilitated immediate and accurate positioning of the endoscope, and reduced the amount of time required for location and dissection of the cavernoma and aneurysms.
DISCUSSION
For several reasons, the potential for central nervous system endoscopy has not been fully realized. First, endoscopy for abdominal, thoracic, joint, and cranial sinus procedures is performed through distinct cavities that provide a working space with generally resilient margins that is accessed via relatively noninvasive approaches. In general, current neuroendoscopic approaches have been developed for natural cavities (ventricle, paranasal sinuses, disc space, thoracic cavity), and are applicable to a limited subset of lesions within or immediately adjacent to those cavities. Second, neurosurgeons are uniformly comfortable and adept at microsurgery using the operating microscope, which affords high resolution, excellent illumination, and a stereoscopic view, often through exposures that are not significantly more invasive than those used with endoscopy. Third, neuroendoscopic instrumentation has not been developed to accommodate specific tissue-handling issues (for example, brain retraction) or neurosurgical tasks (for example, aneurysm clip placement, tumor removal, and so on). Nevertheless, the central nervous system and spine may be highly suited to endoscopy, and current limitations should be surmountable through technology development and physician training. 24 In contrast to endoscopy, neuronavigation using IGS has substantially preceded similar applications in other specialties. In the relatively short interval since its initial descriptions, 26 IGS has become an integral part of neurosurgical technique. In theory, IGS enables less-invasive and safer approaches to the brain and spine, although these advantages have not been definitively demonstrated. Initial reports on image-guided neuroendoscopy used frame-based
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Image-guided endoscopy: technique and potential applications stereotaxy. 5, 12, 16, 30 Subsequently, Rhoten, et al., 25 described the use of a frameless and armless stereotactic system combined with neuroendoscopy. In their study, image guidance facilitated trajectory planning for transventricular procedures and allowed immediate localization and orientation of the endoscope tip. One drawback to this system was the need for intermittent insertion of the stereotactic wand into the endoscope and then replacement of surgical instruments to localize the current endoscope position. Kawamata, et al., 19 and Konen, et al., 20 recently overcame this problem by developing an augmented reality navigation system specifically designed for neuroendoscopic procedures. In combination with an optical tracking system, two sets of built-in, infrared light-emitting diodes provided continuous measurement of the tip position and the orientation of the endoscope relative to the patient's head. Three-dimensional virtual images of the anatomy and pathological entities were superimposed on real-time endoscopic live images to provide augmented reality. We found the application of augmented reality image guidance to be particularly useful during repeated transsphenoidal operations in which midline landmarks were absent.
A major disadvantage of IGS has been the need to display navigation data on a workstation screen that is outside the operative field, requiring the surgeon to reorient between the two views. This has been addressed by overlaying navigation data on the operating microscope's field of view, including trajectories and target contours. These overlays, however, generally provide only two-dimensional data, and target contours derived from a single perpendicular plane are less helpful in the typical microscope depth of field. Strategies to inject 3D data using binocular overlays are currently in development. 9 Another promising graphic interface for neuroendoscopy is the head-mounted, heads-up display. 13, 21 Headmounted systems provide either two-dimensional or 3D images. Three-dimensional systems are further classified as immersive, semiimmersive, and nonimmersive. Immersive systems use a large helmet and do not allow for visualization of the surgical field in conjunction with the 3D image. Semiimmersive 3D systems have head-mounted displays that incorporate two liquid crystal displays, providing binocular views of endoscopic or stereotactic images, and are designed to allow the surgeon simultaneous direct vision of the surgical field. Nonimmersive systems are monitor-based. Recently Levy, et al., 21 described their semiimmersive monocular system, in which a single highresolution liquid crystal display depicting the endoscopic image was built into headgear worn by the surgeon, and viewed with the surgeon's dominant eye. They successfully used the system in 60 patients, and noted that the headsup display improved orientation within the cisterns or ventricular system, and that it enabled the surgeon to concentrate on the surgical field with rapid access to the endoscopic image.
The IGE procedure provides several unique features that may be of potential benefit to the surgeon. First, the standard navigation coordinates of the endoscope tip and trajectory provide 3D orientation. Second, the navigation data and augmented reality image provide cues for depth perception. Third, the augmented reality image can display both diseased and healthy structures that are hidden from direct view by soft tissue or bone, and maintain a visual orientation during intermittent loss of the endoscope's image fidelity (for example, obscuration by blood). Fourth, visualization of the 3D augmented reality target lesion during placement of the endoscope facilitates rapid and accurate transit and positioning of the instrument. Finally, the accommodation of angled endoscopes enables both direct and virtual inspection of structures tangential to the direct line of vision.
On the other hand, there are several limitations inherent in current IGE procedures. Preoperative imaging, image processing, and registration add time and potential cost to the procedure. As in any IGS, inaccurate registration may result in complications related to a false sense of security on the part of the surgeon, and tissue shift during the procedure produces inaccuracy. In our experience, endoscope and virtual reality registrations were accurate and tissue shift was minimal in the lesions chosen for this approach. The IGE procedure did not add significant time to the operation. In fact, IGE appeared to reduce operating time by facilitating rapid and accurate endoscope placement. Despite the wider field of view afforded by angled scopes, the system at present is restricted to rigid endoscopes, and thus to a linear approach for the trajectories. Finally, this study showed feasibility for the technology, but did not demonstrate its safety or efficacy.
Future development of IGE may enable several new applications of neuroendoscopy. For example, 120˚ or greater angles on the IGE devices might enable direct and virtual views of the opposite side of lesions (for example, aneurysms, acoustic neuromas, vascular compression of cranial nerves) during microsurgical or endoscopic treatment. Also, flexible IGS-tracked endoscopes may allow endoscopic procedures to be completed via nonlinear approaches, such as through the subarachnoid or epidural spaces. Finally, high-resolution virtual endoscopy may augment diagnostic image interpretation and surgical or endovascular planning. Ultimately, IGE and head-mounted displays may eliminate the operating microscope altogether as well as the need for brain retraction or the wide exposures required to provide linear trajectories to lesions of the brain or spine.
